Abstract Approximately 10% of Ashkenazi Jewish (AJ) women with breast cancer (BC) carry a founder mutation in BRCA1 or BRCA2. There is an association between BRCA1 mutations and ''triple-negative'' breast cancer (TNBC) [estrogen receptor (ER) and progesterone receptor (PR) negative, HER2 negative]. We sought to determine the predictive value of the TNBC phenotype for the presence of a BRCA mutation in AJ women ascertained without respect to family history. DNA samples were collected between 8/2000 and 6/2004 from a prevalent cohort of unselected AJ women with breast cancer (median age at diagnosis 56 years). Samples (n = 451) were genotyped for AJ founder mutations. 352 (78.0%) cancers were ER positive, 254 (56.3%) PR positive, and 91 (20.2%) ER negative/PR negative. 63 (14.0%) cancers were HER2 positive (immunohistochemistry 3? or FISH [2.2). TNBC was observed in 64 patients (14.2%). Founder mutations were detected in 48 samples (10.6%) including 25/64 TNBC (39.1%; 19 BRCA1, 6 BRCA2). Among TNBC patients with family history (FH) information, 6/15 (40%) mutations were found in women without breast or ovarian cancer in a close relative. The positive predictive value of TNBC for a BRCA1 mutation was 30% overall, 50% in women diagnosed\50 years, and 14% in women diagnosed C50. TNBC was significantly associated with detecting a mutation in either BRCA1 or BRCA2, but only 25/52 (48%) mutation-associated cancers were TNBC. The prevalence of BRCA founder mutations exceeds 50% in subsets of AJ women with TNBC. FH is an imperfect predictor of mutation status in this group. A significant number of mutation-associated TNBC are due to BRCA2.
Introduction
BRCA1-associated breast cancers (BCs) often manifest a ''basal-like'' gene expression profile and a ''triple-negative'' immunohistochemistry (IHC) profile [estrogen receptor (ER) and progesterone receptor (PR) negative, HER2 non-overexpressing]. Gene expression profiling has provided a greater understanding of the heterogeneity of triple-negative breast cancer (TNBC), revealing an association between BRCA1 mutation carriers, ''basal-like'' tumors and the TNBC phenotype [1, 2] . The relationship between these entities has been reviewed extensively elsewhere [3, 4] . The TNBC phenotype may be an useful adjunct to empiric BRCA mutation prediction models when developing estimates of mutation probability [5] .
The BRCA founder mutations BRCA1 185delAG, BRCA1 5382insC, and BRCA2 6174delT are found in approximately 2.5% of individuals of Ashkenazi descent (Eastern and Central European Jewish ancestry) [6] . Approximately 10% of all Ashkenazi women with BC carry one of these three mutations [7] . The prevalence of mutations in young Ashkenazi BC patients is even higher. Previous studies of the association between TNBC phenotype and BRCA mutations have either limited the analysis to BRCA1 mutations in women with TNBC or have studied selected women ascertained on the basis of early onset disease or a strong family history. We sought to examine the impact of TNBC immunophenotype in a broader context by determining the likelihood of detecting a BRCA1 or BRCA2 founder mutation in an unselected cohort of Ashkenazi women with BC.
Methods

Study population
Between 8/2000 and 6/2004, we ascertained DNA samples from women undergoing treatment for BC at Memorial Sloan-Kettering Cancer Center. This report is limited to the 451 subjects who described Jewish religious preference [highly correlated ([90%) with Eastern or Central European (Ashkenazi) ancestry at this institution] and for which data were available regarding hormone receptor and HER2 status. The collected samples were derived from EDTAanticoagulated blood remaining after clinical laboratory testing, mainly from inpatients. Ascertainment was not selected for age at diagnosis or family history. Samples were annotated with limited demographic and clinic-pathologic information (specifically hormone receptor and HER2 status). The presence or absence of a family history of BC in a first or second-degree relative was abstracted from the medical record. The subject was considered to have TNBC if fewer than 10% of cells demonstrated nuclear staining for estrogen and PR, and if staining for HER2 was either 0-1? or 2? with FISH \2.0. All IHC information was determined by review of existing pathology records and IHC was not repeated.
After sample annotation, each sample was assigned an unique study ID corresponding to the database record describing the clinicopathologic features of that sample. All links between sample IDs and the patient identifiers were then irretrievably destroyed to anonymize the samples, according to procedures used in other retrospective cohort studies. The sample ascertainment protocol and anonymization procedures were approved by the Institutional Review Board.
Genotyping
After DNA extraction according to standard protocols, and anonymization according to the above schema, samples were genotyped for the Ashkenazi BRCA founder mutations (BRCA1 185delAG, BRCA1 5382insC, and BRCA2 6174delT) as previously described [8] .
Statistics
Descriptive statistics for the study population were calculated. Characteristics of mutation carriers and non-mutation carriers were compared using non-parametric tests for continuous variables. The prevalence of mutations in different clinical subsets was compared using v 2 tests as appropriate. Analyses were conducted using SPSS version 16.0 (SPSS, Inc). 95% confidence intervals for proportions were calculated by the method of Wilson as implemented by Newcombe [9, 10] .
Results
The characteristics of the 451 subjects are presented in Table 1 . BRCA founder mutations were detected in 48 samples (10.6%, 95% CI 8.1-13.8%). There were 27 samples (6.0%) with BRCA1 mutations and 21 samples (4.7%) with BRCA2 6174delT.
The TNBC was diagnosed in 64/451 subjects (14.2%, 95% CI 11.3-17.7%). BRCA founder mutations were identified in 25/64 (39.1%, 95% CI 28.1-51.3%) women with TNBC (19 BRCA1, 6 BRCA2). Mutations in women with TNBC were found more often in BRCA1 rather than BRCA2 (P = 0.001). Conversely, most women with BRCA1 mutations had TNBC (19/27). However, a significant proportion of women with BRCA2 mutations (6/21) also had TN disease.
Founder mutations were more common in women who were younger at diagnosis of TNBC, although there was still appreciable mutation prevalence in women who were over 50 at diagnosis of TNBC (16/28 women under 50 at diagnosis of TNBC vs. 9/36 women over 50, P = 0.01) ( Table 2 ). The association of mutation status with age at TNBC diagnosis was mostly ascribable to BRCA1 mutations. The prevalence of BRCA1 mutations in young women with TN disease was 14/28 (50.0%, 95% CI 32.6-67.4%) compared to 5/36 (13.9%, 95% CI 6.1-28.7%) in women diagnosed with TNBC after age 50 (P = 0.002). The prevalence of BRCA2 mutations in younger and older women with TNBC was not significantly different (2/28 vs. 4/36; P = 0.7). BRCA1 and BRCA2 founder mutations were equally prevalent in women diagnosed with TNBC at age 50 or older (5/36 BRCA1 vs. 4/36 BRCA2).
The BRCA founder mutations were detected in 5.9% (23/387) of women with non-TNBC, including 4.7% (13/ 275) of women over age 50 at diagnosis. Mutations were significantly more common in women with TNBC than with non-TNBC (25/64 vs. 23/387; P \ 0.001). However, the majority of mutations (25/48, 52.1%) were not found in women with TNBC.
Several characteristics were examined for their association with the presence of a BRCA founder mutation in this unselected group. Among women whose family history was documented in the medical record, women with mutations were significantly more likely to have a family history of BC (23/37 vs. 153/356, P = 0.04). Family history information was available in the medical record for 43 women with TNBC. Of these, mutations were identified in 6/15 (40.0%) without a documented history of breast and ovarian cancer in a first or second-degree relative and in 9/28 (32.1%) with a documented family history (P = 0.5). Women with mutations were significantly younger than those without (mean age 49.6 vs. 58.1 years, P \ 0.001), but 10 mutations (2 BRCA1, 8 BRCA2) were found among the 186 women who were 60 or older at diagnosis (5.4%). The difference in age at diagnosis was more obvious for BRCA1 carriers (45.5 vs. 58.1 years, P \ 0.001) than for BRCA2 carriers (54.1 vs. 58.1 years; P = 0.46). Founder mutations were more common in women under 50 at diagnosis (26/140 under 50 vs. 22/311 over 50; P \ 0.001), women with ER negative disease (29/99 vs. 19/352; P \ 0.001), and women with PR negative disease (32/197 vs. 16/254; P = 0.001). In the group as a whole (not limited to women with TNBC), among women whose family history was documented, mutations were more common in women with a family history of breast or ovarian cancer than in those without such a history (23/176 vs. 14/217, P = 0.03). BRCA1 mutations were more common in women under 50 at diagnosis (P \ 0.001), women with ER negative disease (P \ 0.001), and women with PR negative disease (P \ 0.001). BRCA2 6174delT was not significantly associated with age at diagnosis, ER status, or PR status.
Discussion
This study evaluated the relationship of phenotype to BRCA1/2 founder mutation status and the predictive value of TNBC for BRCA1/2 mutations in a hospital-based ascertainment of Ashkenazi women. We affirm the previously reported striking association of TNBC with BRCA1 mutations, particularly among women under age 50. More than half of the Ashkenazi women younger than age 50 with TNBC carried a BRCA founder mutation. This supports the general recommendation that younger women with TNBC be referred for genetic testing [11] . The association between TNBC and founder mutations was not limited to young women. Although the sample size was small, a significant proportion of older women ([50 years at diagnosis) with TNBC also carried mutations in BRCA1 (13.9%) or BRCA2 (11.1%). A meaningful proportion of mutation carriers with TNBC did not have a documented family history of breast or ovarian cancer, although family history information for this group was not gathered through genetic counseling and may have been under documented. However, in another recent study of unselected TNBC in which mutations were sought in tumor tissue, 9/14 germline BRCA1 mutation carriers did not have a first-degree family history of breast or ovarian cancer [12] . This suggests that AJ women with TNBC may be candidates for BRCA mutation testing even in the absence of such a history, especially if they are young. Despite the strong association between TNBC and BRCA mutations, limiting genetic testing to women with TNBC is not an effective strategy in this population, as most founder mutations in this group (27/52, 51.9%) were not associated with TNBC.
Our study was limited to Ashkenazi women from a specific geographic area, and testing was limited to the three common founder mutations. Two other studies have described mutation prevalence in this ethnic group [13, 14] . Foulkes et al. [13] identified BRCA1 founder mutations in 17/72 (23.6%) ER negative/HER2 negative samples, slightly less than the nearly 30% prevalence in this study. Karp et al. [14] reported BRCA1 mutations in 13/46 (28%) Ashkenazi women with ER negative BC (HER2 not described). Neither study found a significant BRCA2 mutation prevalence in women with ER negative BC. These studies, like this study, were hospital-based ascertainments of Ashkenazi women without regard to family history, but it is possible that differences in age distribution within the studies may explain the differences in mutation prevalence between studies. Young (\50 years) women were overrepresented in the present study, comprising 30% of the patients. The presence of a relatively high number of young women would be expected to skew mutation prevalence upwards. However, we did also identify mutations in a clinically relevant proportion (25%) of women who were older than 50 at the time of their diagnosis of TNBC, including 2 women with BRCA2 mutations (8% of all mutation carriers) who were diagnosed with TNBC after age 65, the ascertainment age cut-off in other reports. Unlike other studies, we found that a significant proportion of BRCA2-associated BCs in AJ women were TNBC. Nearly 10% of the TNBC in this series were associated with BRCA2 6174delT. Adding these women to the BRCA1 mutation carriers brought the overall founder mutation prevalence in TNBC in our study to nearly 40%. Conversely, 24% of BRCA2-associated cancers in this series were TNBC, which contrasts with the marked ER positive predominance of BRCA2 mutation-associated BC in other studies. It is possible that some of the BRCA2-associated cancers expressed ER at a low level (between 2 and 10% of cells) and thus might not have been classified as TNBC by more recent guidelines [15] . In this dataset, ER negativity was determined on the basis of clinical reporting, which employed a threshold of 10% of cells at the time these samples were ascertained. Because of the anonymization schema required to perform this study, it was not possible to reconfirm the level of ER expression in these cases. In addition, most of the subjects of this study were ascertained as inpatients, and many were presumably suffering from metastatic disease. It is possible that the negative prognosis of TNBC may also have led to overrepresentation of BRCA2 carriers in TNBC in this dataset. However, Atcheley et al. [16] also identified BRCA2 mutations in 7.5% of the women with TNBC evaluated in their clinic-based ascertainment (18% of all mutations in TNBC in their series). This suggests that our observation of BRCA2 mutations in TNBC is not likely to be exclusively the result of misclassification. The prevalence of mutations among Ashkenazi women with TNBC is likely to be higher than that in more diverse populations without founder mutations. However, the observation that older women with TNBC may have BRCA mutations may hold true in out-bred populations [17] . Founder mutation testing may have failed to identify some mutations; however, the number of mutations that would be found by more extensive sequencing is likely to be low [18, 19] . Finding more mutations would further increase the estimated mutation prevalence in TNBC. Mutations identified by sequencing would more likely be BRCA2 associated mutations as most Ashkenazi non-founder mutations are associated with BRCA2 [20] . Thus, more complete sequencing would be unlikely to change the observation that constraining testing to BRCA1 in TNBC would be an unwise strategy.
A number of other groups have evaluated the prevalence of BRCA mutations in women with TNBC (summarized in Table 3 ). Despite the fact that many of these investigations were not restricted to Ashkenazi women, these studies were generally consistent in identifying mutations in approximately 25% of patients with TNBC. Some of these studies only examined the association between TNBC and BRCA1 mutations, and thus may have underestimated the total mutation prevalence (when including both BRCA1 and BRCA2) [13, 21] . In support of this hypothesis, Atchley et al. [16] included BRCA2 mutation analysis and reported the overall prevalence of mutations to be approximately 40%, nearly exactly the same as the 39% prevalence in our study.
In conclusion, this study provides detailed information regarding the relationships between age at diagnosis, triplenegative immunophenotype, and mutation prevalence in Ashkenazi women with BC. We found a striking prevalence of BRCA mutations among young (\50) AJ women with TNBC, and an appreciable prevalence among older TNBC patients and those with no documented family history of breast or ovarian cancer. We found that the association between TNBC and BRCA mutations was not limited to BRCA1, and that a significant proportion of women with TNBC had BRCA2 mutations. The results of our study suggest that AJ women with TNBC should be offered complete founder mutation testing, including BRCA2 6174delT, irrespective of age at diagnosis or family history.
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